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(57) ABSTRACT 

Adual function ?oW measurement apparatus is provided that 
combines the functionality of an apparatus that measures the 
speed of sound propagating through a ?uid ?oWing Within a 
pipe, and measures pressures disturbances (e.g. vortical 
disturbances or eddies) moving With a ?uid to determine 
respective parameters of the ?oW propagating through a 
pipe. The apparatus includes a sensing device that includes 
an array of pressure sensors used to measure the acoustic and 
convective pressure variations in the ?oW to determine 
desired parameters. The measurement apparatus includes a 
processing unit the processes serially or in parallel the 
pressure signals provided by the sensing array to provide 
output signals indicative of a parameter of the ?uid ?oW 
relating to the velocity of the ?oW and the speed of sound 
propagating through the ?oW, respectively. 
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DUAL FUNCTION FLOW MEASUREMENT 
APPARATUS HAVING AN ARRAY OF SENSORS 

CROSS-REFERENCE TO RELATED PATENT 
APPLICATIONS 

[0001] This application claims the bene?t of US. Provi 
sional Patent Application No. 60/487,765 ?led Jul. 15, 2003, 
and US. Provisional Patent Application No. 60/487,678 
?led Jul. 15, 2003, all of Which are incorporated by reference 
herein in their entirety. 

TECHNICAL FIELD 

[0002] This invention relates to an apparatus for measur 
ing a parameter of a process How passing Within a pipe, and 
more particularly to a How measurement apparatus having 
an array of sensors for processing data signals therefrom to 
provide an output indicative of the speed of sound propa 
gating through the process ?oW and/or a How parameter of 
the process How passing through a pipe. 

BACKGROUND ART 

[0003] A ?uid ?oW process (?oW process) includes any 
process that involves the How of ?uid through pipes, ducts, 
or other conduits, as Well as through ?uid control devices 
such as pumps, valves, ori?ces, heat exchangers, and the 
like. How processes are found in many different industries 
such as the oil and gas industry, re?ning, food and beverage 
industry, chemical and petrochemical industry, pulp and 
paper industry, poWer generation, pharmaceutical industry, 
and Water and WasteWater treatment industry. The ?uid 
Within the How process may be a single phase ?uid (e.g., gas, 
liquid or liquid/liquid mixture) and/or a multi-phase mixture 
(e.g. paper and pulp slurries or other solid/liquid mixtures). 
The multi-phase mixture may be a tWo-phase liquid/gas 
mixture, a solid/gas mixture or a solid/liquid mixture, gas 
entrained liquid or a three-phase mixture. 

[0004] Various sensing technologies exist for measuring 
various physical parameters of single and/or multiphase 
?uids in an industrial ?oW process. Such physical param 
eters include, for example, volumetric ?oW rate, composi 
tion, consistency, density, and mass ?oW rate. 

[0005] The various different types of parameters that are 
measured throughout an industrial processing plant requires 
separate meters or How measuring devices for each param 
eter. As one can appreciate, the need to monitor numerous 
steps in a process becomes very costly in the operation of the 
plant. It Would be advantageous in the operation of industrial 
processes to deploy a How measuring device that is capable 
of measuring a number of different parameters of a system. 

SUMMARY OF THE INVENTION 

[0006] Objects of the present invention include providing 
a How measuring apparatus having a dual function of 
measuring the speed of sound propagating through a process 
How moving Within a pipe and measuring the velocity of the 
process ?oW. 

[0007] In one aspect of the present invention, an apparatus 
for measuring at least tWo parameters of a process How 
?oWing Within a pipe is provided. The apparatus includes at 
least tWo pressure sensors disposed at different axial loca 
tions along the pipe. Each of the pressure sensors provides 
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a respective pressure signal indicative of a pressure distur 
bance Within the pipe at a corresponding axial position. A 
signal processor, responsive to said pressure signals, pro 
vides a ?rst signal indicative of a velocity of a pressure ?eld 
moving With the process How and provides a second signal 
indicative of a speed of sound propagating through the 
process ?oW. 

[0008] In another aspect of the present invention, a 
method of measuring at least tWo parameters of a process 
How ?oWing Within a pipe is provided. The method includes 
providing respective pressure signal indicative of a pressure 
disturbance Within the pipe at different axial locations along 
the pipe. The method then processes said respective pressure 
signals to determine a ?rst signal indicative of a velocity of 
a pressure ?eld moving With the process How and to deter 
mine a second signal indicative of a speed of sound propa 
gating through the process ?oW. 

[0009] The foregoing and other objects, features and 
advantages of the present invention Will become more 
apparent in light of the folloWing detailed description of 
exemplary embodiments thereof. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0010] FIG. 1 is a schematic diagram of a How measure 
ment apparatus having an array of sensors for providing a 
dual function in accordance With the present invention. 

[0011] FIG. 2 is a schematic diagram of a ?oW measure 
ment apparatus having an array of sensors for providing a 
dual function using serial processing in accordance With the 
present invention. 

[0012] FIG. 3 is a schematic diagram of another embodi 
ment of a How measurement apparatus having an array of 
sensors for providing a dual function using parallel process 
ing in accordance With the present invention. 

[0013] FIG. 4 is a schematic diagram of another embodi 
ment of a How measurement apparatus having an array of 
sensors for providing a dual function using parallel process 
ing in accordance With the present invention. 

[0014] FIG. 5 is a schematic diagram of another embodi 
ment of a How measurement apparatus having an array of 
sensors for providing a dual function using parallel process 
ing in accordance With the present invention. 

[0015] FIG. 6 is a cross-sectional vieW of a pipe having a 
turbulent pipe ?oWing having coherent structures therein, in 
accordance With the present invention. 

[0016] FIG. 7 3 km plot of data processed from an 
apparatus embodying the present invention that illustrates 
slope of the convective ridge, and a plot of the optimiZation 
function of the convective ridge, in accordance With the 
present invention. 

[0017] FIG. 8 3 km plot of data processed from an 
apparatus embodying the present invention that illustrates 
slope of the acoustic ridges, in accordance With the present 
invention. 

[0018] FIG. 9 is a plot of mixture sound speed as a 
function of gas volume fraction for a 5% consistency slurry 
over a range of process pressures, in accordance With the 
present invention. 
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[0019] FIG. 10 is a plot of sound speed as a function of 
frequency for air/particle mixtures With ?xed particle siZe 
and varying air-to-particle mass ratio in accordance With the 
present invention. 

[0020] FIG. 11 is a plot of sound speed as a function of 
frequency for air/particle mixtures With varying particle siZe 
Where the air-to-particle mass ratio is ?xed in accordance 
With the present invention. 

BEST MODE FOR CARRYING OUT THE 
INVENTION 

[0021] FIG. 1 illustrates a schematic diagram of a How 
measurement apparatus 10 that includes a sensing device 
(sensor head) 16 mounted to a pipe 14 and a processing unit 
(transmitter) 24. The apparatus 10 measures a characteristic 
or parameter of a single phase ?uid (e.g., gas and liquid) 
and/or multiphase ?uids 12 (e.g., gas/liquid mixtures, liquid/ 
solid mixtures, gas/solid mixtures, steam, pulp and paper 
slurries, and aerated liquids and mixtures) ?oWing through 
the pipe 14. Speci?cally, the How characteristics and How 
parameters determined include the volumetric How of the 
?uid, the consistency or composition of the ?uid, the density 
of the ?uid, the Mach number of the ?uid, the siZe of particle 
?oWing through the ?uid, the air/mass ratio of the ?uid, 
velocity of the ?oW, volumetric ?oW rate, gas volume 
fraction of the ?oW, the speed of sound propagating through 
the ?oW, and/or the percentage of entrained air Within a 
liquid or slurry. 

[0022] For instance, the apparatus 10, in accordance With 
the present invention, can determine the speed at Which 
sound propagates through the ?uid How 12 Within a pipe 14 
to measure particular characteristics of the single or multi 
phase ?uids. The apparatus may also determine the speed at 
Which pressure disturbances propagate through the pipe 14 
to determine the velocity of the ?uid How 12. The pressure 
disturbances may be in the form of vortical disturbances 
(e.g., turbulent eddies FIG. 10) or other pressure distur 
bances that convect (or propagate) With the ?oW. To simplify 
the explanation of the present invention, the How propagat 
ing through the pipe Will be referred to as a process How With 
the understanding that the ?uid or process How 12 may be 
a single phase or multi-phase ?oW, as described hereinbe 
fore. 

[0023] The sensing device 16 comprises an array of strain 
based senors or pressure sensors 18-21 for measuring the 
unsteady pressures produced by vortical disturbances Within 
the pipe and/or speed of sound propagating through the ?oW, 
Which are indicative of parameters and/or characteristics of 
the process How 12. The pressure signals P1(t)-PN(t) are 
provided to the processing unit 24, Which digitiZes the 
pressure signals and computes the appropriate ?oW param 
eter(s). Acable 13 electronically connects the sensing device 
16 to the processing unit 24. The analog pressure sensor 
signals P1(t)-PN(t) are typically 4-20 mA current loop sig 
nals. 

[0024] The array of pressure sensors 18-21 comprises an 
array of at least tWo pressure sensors 18,19 spaced axially 
along the outer surface 22 of the pipe 14, having a process 
How 12 propagating therein. The pressure sensors 18-21 
may be clamped onto or generally removably mounted to the 
pipe by any releasable fastener, such as bolts, screWs and 
clamps. Alternatively, the sensors may be permanently 
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attached to or integral (e.g., embedded) With the pipe 14. The 
array of sensors of the sensing device 16 may include any 
number of pressure sensors 18-21 greater than tWo sensors, 
such as three, four, eight, sixteen or N number of sensors 
betWeen tWo and tWenty-four sensors. Generally, the accu 
racy of the measurement improves as the number of sensors 
in the array increases. The degree of accuracy provided by 
the greater number of sensors is offset by the increase in 
complexity and time for computing the desired output 
parameter of the ?oW. Therefore, the number of sensors used 
is dependent at least on the degree of accuracy desired and 
the desire update rate of the output parameter provided by 
the apparatus 10. The pressure sensors 18-19 measure the 
unsteady pressures produced by acoustic Waves propagating 
through the How and/or pressure disturbances (e.g., vortical 
eddies) that convect With the How Within the pipe 14, Which 
are indicative of the SOS propagating through the ?uid How 
12 in the pipe and the velocity of disturbances propagating 
through the How 12 of the mixture 12, respectively. The 
output signals (P1(t)-PN(t)) of the pressure sensors 18-21 are 
provided to a pre-ampli?er unit 39 that ampli?es the signals 
generated by the pressure sensors 18-21. The processing unit 
24 processes the pressure measurement data P1(t)-PN(t) and 
determines the desired parameters and characteristics of the 
How 12, as described hereinbefore. 

[0025] The apparatus 10 also contemplates providing one 
or more acoustic sources 27 to enable the measurement of 

the speed of sound propagating through the How for 
instances of acoustically quiet ?oW. The acoustic source may 
be a device the taps or vibrates on the Wall of the pipe, for 
example. The acoustic sources may be disposed at the input 
end of output end of the array of sensors 18-21, or at both 
ends as shoWn. One should appreciate that in most instances 
the acoustics sources are not necessary and the apparatus 
passively detects the acoustic ridge provided in the How 12, 
as Will be described in greater detail hereinafter. The passive 
noise includes noise generated by pumps, valves, motors, 
and the turbulent mixture itself. 

[0026] As suggested and further described in greater detail 
hereinafter, the apparatus 10 has the ability to measure the 
speed of sound (SOS) and How rate (or velocity) using one 
or both of the folloWing techniques described herein beloW: 

[0027] 1) Determining the speed of sound of acous 
tical disturbances or sound Waves propagating 
through the How 12 using the array of pressure 
sensors 18-21, and/or 

[0028] 2) Determining the velocity of pressure dis 
turbances (e.g., vortical eddies) propagating through 
the How 12 using the array of pressure sensors 18-21. 

[0029] Generally, the ?rst technique measures unsteady 
pressures created by acoustical disturbances propagating 
through the How 12 to determine the speed of sound (SOS) 
propagating through the ?oW. Knowing the pressure and/or 
temperature of the How and the speed of sound of the 
acoustic disturbances or Waves, the processing unit 24 can 
determine determined include the volumetric How of the 
?uid, the consistency or composition of the ?uid, the density 
of the ?uid, the Mach number of the ?uid, the average siZe 
of particles ?oWing through the ?uid, the air/mass ratio of 
the ?uid, and/or the percentage of entrained air Within a 
liquid or slurry, such as that described in US. patent 
application Ser. No. 10/349,716 (CiDRA Docket No. 
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CC-0579), ?led Jan. 23, 2003, US. patent application Ser. 
No. 10/376,427 (CiDRA Docket No. CC-0596), ?led Feb. 
26, 2003, US. patent application Ser. No. 10/762,410 
(CiDRA Docket No. CC-0703), ?led Jan. 21, 2004, Which 
are all incorporated by reference. 

[0030] The second technique measures the velocities asso 
ciated With unsteady ?oW ?elds and/or pressure distur 
bances, such as that created by vortical disturbances or 
“eddies”88 (see FIG. 6), that convect With the process How 
12 to determine the velocity of the process ?oW. The 
pressure sensors 18-21 measure the unsteady pressures 
Pl-PN created by the vortical disturbances 88, for eXample, 
as these disturbances convect With the How 12 through the 
pipe 14 in a knoWn manner, as shoWn in FIG. 6. Therefore, 
the velocity of these vortical disturbances is related to the 
velocity of the How 12 and hence the volumetric ?oW rate 
may be determined, as Will be described in greater detail 
hereinafter. 

[0031] As shoWn in FIGS. 2-5, the present invention 
contemplates a How measurement apparatus 10 that com 
bines the functionality of an apparatus for measuring the 
velocity of the process How and an apparatus for measuring 
the speed of sound propagating through the How Within a 
pipe. The pressure signals P1(t)-PN(t) provided by the array 
of sensors 18-21 of the sensing device 16 may be processed 
using a number of different methods as illustrated in FIGS. 
2-5. 

[0032] In FIG. 2, the data or pressure signals P1(t)-PN(t) 
may be processed serially. In other Words, the data is 
collected or accumulated and processed ?rst by a convective 
processing unit 52 to provide output signals indicative of the 
velocity, Mach number and volumetric How of the process 
?oW. Additional data is then accumulated and processed by 
an acoustic processing unit 53 to provide output signals 
indicative of the consistency or composition of the ?oW, the 
density of the ?oW, the average siZe of particles Within the 
?oW, the air/mass ratio of the ?oW, gas volume fraction of 
the ?oW, and/or the speed of sound propagating through the 
?oW. 

[0033] As shoWn in FIG. 2, an apparatus 10 embodying 
the present invention has an array of at least tWo strain-based 
or pressure sensors 18,19, located at tWo locations X1,X2 
aXially along the pipe 14 for sensing respective stochastic 
signals propagating betWeen the sensors 18,19 Within the 
pipe at their respective locations. Each sensor 18,19 pro 
vides a signal indicating an unsteady pressure at the location 
of each sensor, at each instant in a series of sampling 
instants. One Will appreciate that the sensor array may 
include more than tWo pressure sensors as depicted by 
pressure sensor 20,21 at location X3,XN. The pressure gen 
erated by the convective pressure disturbances (e.g., eddies 
88) and acoustic Waves 90 (see FIG. 9) may be measured 
through strained-based sensors and/or pressure sensors 
18-21. The pressure sensors 18-21 provide analog pressure 
time-varying signals P1(t),P2(t),P3(t),PN(t) to the signal pro 
cessing unit 24. The processing unit 24 serially processes the 
pressure signals to ?rst provide output signals 51,55 indica 
tive of the pressure disturbances that convect With the How 
12, and subsequently, provide output signals 57,59 in 
response to pressure disturbances generated by acoustic 
Waves propagating through the How 12, as discussed here 
inbefore. While the apparatus 10 shoWs the convective 
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pressure disturbance signals are initially processed ?rst, the 
invention contemplates that the acoustic pressure signals 
may be initially processed ?rst. 

[0034] The convective processing function or unit 52 of 
the processing unit 24 in FIG. 2 receives the pressure signals 
from the array of sensors 18-21. A data acquisition unit 40 
(e.g., A/D converter) converts the analog signals to respec 
tive digital signals. The digitiZed signals are provided to Fast 
Fourier Transform logic 42. The FFT logic calculates 
the Fourier transform of the digitiZed time-based input 
signals P1(t)-PN(t) and provide compleX frequency domain 
(or frequency based) signals P1((n),P2((n),P3(u)),PN(c)) 
indicative of the frequency content of the input signals. 
Instead of FFT’s, any other technique for obtaining the 
frequency domain characteristics of the signals P1(t)-PN(t), 
may be used. For eXample, the cross-spectral density and the 
poWer spectral density may be used to form a frequency 
domain transfer functions (or frequency response or ratios) 
discussed hereinafter. 

[0035] One technique of determining the convection 
velocity of the turbulent eddies 88 Within the process How 12 
is by characterizing a convective ridge of the resulting 
unsteady pressures using an array of sensors or other beam 
forming techniques, similar to that described in US Patent 
Application, Serial No. (Cidra’s Docket No. CC-0122A) and 
US. patent application Ser. No. 09/729,994 (Cidra’s Docket 
No. CC-0297), ?led December 4, 200, now US. Pat. No. 
6,609,069, Which are incorporated herein by reference. 

[0036] A data accumulator 44 accumulates the frequency 
signals P1(u))-PN(u)) over a sampling interval, and provides 
the data to an array processor 46, Which performs a spatial 
temporal (tWo-dimensional) transform of the sensor data, 
from the Xt domain to the k-u) domain, and then calculates 
the poWer in the k-u) plane, as represented by a k-u) plot. 

[0037] The array processor 46 uses standard so-called 
beam forming, array processing, or adaptive array-process 
ing algorithms, i.e. algorithms for processing the sensor 
signals using various delays and Weighting to create suitable 
phase relationships betWeen the signals provided by the 
different sensors, thereby creating phased antenna array 
functionality. In other Words, the beam forming or array 
processing algorithms transform the time domain signals 
from the sensor array into their spatial and temporal fre 
quency components, i.e. into a set of Wave numbers given by 
k=2T|:/}\, Where 7» is the Wavelength of a spectral component, 
and corresponding angular frequencies given by uu=2rcv. 

[0038] The prior art teaches many algorithms of use in 
spatially and temporally decomposing a signal from a 
phased array of sensors, and the present invention is not 
restricted to any particular algorithm. One particular adap 
tive array processing algorithm is the Capon method/algo 
rithm. While the Capon method is described as one method, 
the present invention contemplates the use of other adaptive 
array processing algorithms, such as MUSIC algorithm. The 
present invention recogniZes that such techniques can be 
used to determine ?oW rate, ie that the signals caused by a 
stochastic parameter convecting With a How are time sta 
tionary and have a coherence length long enough that it is 
practical to locate sensor units apart from each other and yet 
still be Within the coherence length. 
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[0039] Convective characteristics or parameters have a 
dispersion relationship that can be approximated by the 
straight-line equation, 

[0040] Where u is the convection velocity (?oW 
velocity). Aplot of k-u) pairs obtained from a spectral 
analysis of sensor samples associated With convec 
tive parameters portrayed so that the energy of the 
disturbance spectrally corresponding to pairings that 
might be described as a substantially straight ridge, 
a ridge that in turbulent boundary layer theory is 
called a convective ridge. What is being sensed are 
not discrete events of turbulent eddies, but rather a 
continuum of possibly overlapping events forming a 
temporally stationary, essentially White process over 
the frequency range of interest. In other Words, the 
convective eddies 88 is distributed over a range of 
length scales and hence temporal frequencies. 

[0041] To calculate the poWer in the k-u) plane, as repre 
sented by a k-u) plot (see FIG. 7) of either the signals, the 
array processor 46 determines the Wavelength and so the 
(spatial) Wavenumber k, and also the (temporal) frequency 
and so the angular frequency w, of various of the spectral 
components of the stochastic parameter. There are numerous 
algorithms available in the public domain to perform the 
spatial/temporal decomposition of arrays of sensor units 
18-21. 

[0042] The present invention may use temporal and spatial 
?ltering to precondition the signals to effectively ?lter out 
the common mode characteristics Pcommon mode and other 
long Wavelength (compared to the sensor spacing) charac 
teristics in the pipe 14 by differencing adjacent sensors and 
retain a substantial portion of the stochastic parameter 
associated With the How ?eld and any other short Wave 
length (compared to the sensor spacing) loW frequency 
stochastic parameters. 

[0043] In the case of suitable turbulent eddies 88 (see FIG. 
6) being present, the poWer in the k-u) plane shoWn in a k-u) 
plot of FIG. 7 shoWs a convective ridge 100. The convective 
ridge represents the concentration of a stochastic parameter 
that convects With the How and is a mathematical manifes 
tation of the relationship betWeen the spatial variations and 
temporal variations described above. Such a plot Will indi 
cate a tendency for k-u) pairs to appear more or less along a 
line 100 With some slope, the slope indicating the How 
velocity. 
[0044] Once the poWer in the k-u) plane is determined, a 
convective ridge identi?er 48 uses one or another feature 
extraction method to determine the location and orientation 
(slope) of any convective ridge 100 present in the k-u) plane. 
In one embodiment, a so-called slant stacking method is 
used, a method in Which the accumulated frequency of k-u) 
pairs in the k-u) plot along different rays emanating from the 
origin are compared, each different ray being associated With 
a different trial convection velocity (in that the slope of a ray 
is assumed to be the How velocity or correlated to the How 
velocity in a knoWn Way). The convective ridge identi?er 48 
provides information about the different trial convection 
velocities, information referred to generally as convective 
ridge information. 

[0045] The analyZer 50 examines the convective ridge 
information including the convective ridge orientation 
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(slope). Assuming the straight-line dispersion relation given 
by k=u)/u, the analyZer 50 determines the How velocity, 
Mach number and/or volumetric ?oW. The volumetric How 
is determined by multiplying the cross-sectional area of the 
inside of the pipe With the velocity of the process ?oW. 

[0046] After the output signals associated With the con 
vective pressure signals are determined, the processing unit 
24 then determines the output signals 57,59 associated With 
the speed of sound propagating through the How 12, as 
indicated by connecting arroW 51. Asecond data acquisition 
unit 54 digitiZes additional pressure signals P1(t)-PN(t) asso 
ciated With the acoustic Waves 14 propagating through the 
pipe 14. Similarly to the FFT logic 42, an FFT logic 56 
calculates the Fourier transform of the digitiZed time-based 
input signals P1(t)-PN(t) and provide complex frequency 
domain (or frequency based) signals P1(u)),P2(u)),P3(u)), 
PN(u)) indicative of the frequency content of the input 
signals. 

[0047] A second data accumulator 58 accumulates the 
additional signals P1(t)-PN(t) from the sensors, and provides 
the data accumulated over a sampling interval to an array 
processor 60, Which performs a spatial-temporal (tWo-di 
mensional) transform of the sensor data, from the xt domain 
to the k-u) domain, and then calculates the poWer in the k-u) 
plane, as represented by a k-u) plot, similar to that provided 
by the convective array processor 46. 

[0048] To calculate the poWer in the k-u) plane, as repre 
sented by a k-u) plot (see FIG. 8) of either the signals or the 
differenced signals, the array processor 60 determines the 
Wavelength and so the (spatial) Wavenumber k, and also the 
(temporal) frequency and so the angular frequency w, of 
various of the spectral components of the stochastic param 
eter. There are numerous algorithms available in the public 
domain to perform the spatial/temporal decomposition of 
arrays of sensor units 18-21. 

[0049] In the case of suitable acoustic Waves 90 being 
present in both axial directions, the poWer in the k-u) plane 
shoWn in a k-u) plot of FIG. 8 so determined Will exhibit a 
structure that is called an acoustic ridge 110,112 in both the 
left and right planes of the plot, Wherein one of the acoustic 
ridges 110 is indicative of the speed of sound traveling in 
one axial direction and the other acoustic ridge 112 being 
indicative of the speed of sound traveling in the other axial 
direction. 

[0050] The acoustic ridges represent the concentration of 
a stochastic parameter that propagates through the How and 
is a mathematical manifestation of the relationship betWeen 
the spatial variations and temporal variations described 
above. Such a plot Will indicate a tendency for k-u) pairs to 
appear more or less along a line 110,112 With some slope, 
the slope indicating the speed of sound. The poWer in the 
k-u) plane so determined is then provided to an acoustic 
ridge identi?er 62, Which uses one or another feature extrac 
tion method to determine the location and orientation (slope) 
of any acoustic ridge present in the left and right k-u) plane. 
The velocity may be determined by using the slope of one 
of the tWo acoustic ridges 110,112 or averaging the slopes of 
the acoustic ridges 110,112. 

[0051] Finally, information including the acoustic ridge 
orientation (slope) is used by an analyZer 64 to determine the 
How parameters 57, 59 relating to measured speed of sound, 
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such as the consistency or composition of the ?oW, the 
density of the ?oW, the average siZe of particles in the ?oW, 
the air/mass ratio of the ?oW, gas volume fraction of the 
?oW, the speed of sound propagating through the ?oW, 
and/or the percentage of entrained air Within the ?oW. 

[0052] Similar to the array processor 46, the array proces 
sor 60 uses standard so-called beam forming, array process 
ing, or adaptive array-processing algorithms, i.e. algorithms 
for processing the sensor signals using various delays and 
Weighting to create suitable phase relationships betWeen the 
signals provided by the different sensors, thereby creating 
phased antenna array functionality. In other Words, the beam 
forming or array processing algorithms transform the time 
domain signals from the sensor array into their spatial and 
temporal frequency components, i.e. into a set of Wave 
numbers given by k=2T|:/7\, Where 7» is the Wavelength of a 
spectral component, and corresponding angular frequencies 
given by uu=3rcv. 

[0053] One such technique of determining the speed of 
sound propagating through the How 12 is using array pro 
cessing techniques to de?ne an acoustic ridge in the k-u) 
plane as shoWn in FIG. 8. The slope of the acoustic ridge is 
indicative of the speed of sound propagating through the 
How 12. The speed of sound (SOS) is determined by 
applying sonar arraying processing techniques to determine 
the speed at Which the one dimensional acoustic Waves 
propagate past the axial array of unsteady pressure measure 
ments distributed along the pipe 14. 

[0054] The apparatus 10 of the present invention measures 
the speed of sound (SOS) of one-dimensional sound Waves 
propagating through the mixture to determine the gas vol 
ume fraction of the mixture. It is knoWn that sound propa 
gates through various mediums at various speeds in such 
?elds as SONAR and RADAR ?elds. The speed of sound 
propagating through the pipe and How 12 may be deter 
mined using a number of knoWn techniques, such as those 
set forth in US. patent application Ser. No. 09/344,094, ?led 
Jun. 25, 1999, now US. Pat. No. 6,354,147; US. patent 
application Ser. No. 10/795,111, ?led Mar. 4, 2004; US. 
patent application Ser. No. 09/997,221, ?led Nov. 28, 2001, 
now US. Pat. No. 6,587,798; US. patent application Ser. 
No. 10/007,749, ?led Nov. 7, 2001, and US. patent appli 
cation Ser. No. 10/762,410, ?led Jan. 21, 2004, each of 
Which are incorporated herein by reference. 

[0055] While the sonar-based ?oW meter using an array of 
sensors to measure the speed of sound of an acoustic Wave 
propagating through the mixture is shoWn and described, 
one Will appreciate that any means for measuring the speed 
of sound of the acoustic Wave may used to determine the 
entrained gas volume fraction of the mixture/?uid or other 
characteristics of the How described hereinbefore. 

[0056] The analyZer 64 of the acoustic processing unit 53 
provides output signals indicative of characteristics of the 
process How 12 that are related to the measured speed of 
sound (SOS) propagating through the How 12. For example, 
to determine the gas volume fraction (or phase fraction), the 
analyZer 64 assumes a nearly isothermal condition for the 
How 12. As such the gas volume fraction or the void fraction 
is related to the speed of sound by the folloWing quadratic 
equation: 
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effective K (modulus of the liquid and pipeWall), 
P=pressure, and a =measured speed of sound. 

[0058] Effectively, 
rneas 

Fraction (GVF)=(—B+sqrt(B 

[0059] Alternatively, the sound speed of a mixture can be 
related to volumetric phase fraction ((|)i) of the components 
and the sound speed (a) and densities (p) of the component 
through the Wood equation. 

[0060] One dimensional compression Waves propagating 
Within a mixture 12 contained Within a pipe 14 exert an 
unsteady internal pressure loading on the pipe. The degree to 
Which the pipe displaces as a result of the unsteady pressure 
loading in?uences the speed of propagation of the compres 
sion Wave. The relationship among the in?nite domain speed 
of sound and density of a mixture; the elastic modulus (E), 
thickness (t), and radius (R) of a vacuum-backed cylindrical 
conduit; and the effective propagation velocity (ae?f) for one 
dimensional compression is given by the folloWing expres 
sion: 

1 (eq 1) 

2 2R 
1/ amixoo + pmix E 

[0061] The mixing rule essentially states that the com 
pressibility of a mixture (1/(pa2)) is the volumetrically 
Weighted average of the compressibilities of the compo 
nents. For gas/liquid mixtures 12 at pressure and 
temperatures typical of paper and pulp industry, the com 
pressibility of gas phase is orders of magnitudes greater than 
that of the liquid. Thus, the compressibility of the gas phase 
and the density of the liquid phase primarily determine 
mixture sound speed, and as such, it is necessary to have a 
good estimate of process pressure to interpret mixture sound 
speed in terms of volumetric fraction of entrained gas. The 
effect of process pressure on the relationship betWeen sound 
speed and entrained air volume fraction is shoWn in FIG. 9. 

[0062] As described hereinbefore, the apparatus 10 of the 
present invention includes the ability to accurately deter 
mine the average particle siZe of a particle/air or droplet/air 
mixture Within the pipe 14 and the air to particle ratio. 
Provided there is no appreciable slip betWeen the air and the 
solid coal particle, the propagation of one dimensional 
sound Wave through multiphase mixtures is in?uenced by 
the effective mass and the effective compressibility of the 
mixture. For an air transport system, the degree to Which the 
no-slip assumption applies is a strong function of particle 
siZe and frequency. In the limit of small particles and loW 
frequency, the no-slip assumption is valid. As the siZe of the 
particles increases and the frequency of the sound Waves 
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increase, the non-slip assumption becomes increasing less 
valid. For a given average particle siZe, the increase in slip 
With frequency causes dispersion, or, in other Words, the 
sound speed of the mixture to change With frequency. With 
appropriate calibration the dispersive characteristic of a 
mixture 12 Will provide a measurement of the average 
particle siZe, as Well as, the air to particle ratio (particle/?uid 
ratio) of the mixture. 

[0063] In accordance With the present invention the dis 
persive nature of the system utiliZes a ?rst principles model 
of the interaction betWeen the air and particles. This model 
is vieWed as being representative of a class of models that 
seek to account for dispersive effects. Other models could be 
used to account for dispersive effects Without altering the 
intent of this disclosure (for example, see the paper titled 
“Viscous Attenuation of Acoustic Waves in Suspensions” by 
R. L. Gibson, Jr. and M. N. ToksoZ), Which is incorporated 
herein by reference. The model alloWs for slip betWeen the 
local velocity of the continuous ?uid phase and that of the 
particles. 

[0064] The folloWing relation can be derived for the 
dispersive behavior of an idealiZed ?uid particle mixture. 

1 
SOpPp amiXW) = 61f 

1 + 

[0065] In the above relation, the ?uid SOS, density (p) and 
viscosity ((1)) are those of the pure phase ?uid, vp is the 
volume of individual particles and (pp is the volumetric phase 
fraction of the particles in the mixture. 

[0066] TWo parameters of particular interest in steam 
processes and air-conveyed particles processes are particle 
siZe and air-to-fuel mass ratio or steam quality. To this end, 
it is of interest to examine the dispersive characteristics of 
the mixture as a function of these tWo variables. FIGS. 10 
and 11 shoW the dispersive behavior in relations to the speed 
of sound for coal/air mixtures With parameters typical of 
those used in pulveriZed coal deliver systems. 

[0067] In particular FIG. 10 shoWs the predicted behavior 
for nominally 50 pm siZe coal in air for a range of air-to-fuel 
ratios. As shoWn, the effect of air-to-fuel ratio is Well de?ned 
in the loW frequency limit. HoWever, the effect of the 
air-to-fuel ratio becomes indistinguishable at higher fre 
quencies, approaching the sound speed of the pure air at high 
frequencies (above ~100 HZ). 

[0068] Similarly, FIG. 11 shoWs the predicted behavior 
for a coal/air mixture With an air-to-fuel ratio of 1.8 With 
varying particle siZe. This ?gure illustrates that particle siZe 
has no in?uence on either the loW frequency limit (quasi 
steady) sound speed, or on the high frequency limit of the 
sound speed. HoWever, particle siZe does have a pronounced 
effect in the transition region. 

[0069] FIGS. 10 and 11 illustrate an important aspect of 
the present invention. Namely, that the dispersive properties 
of dilute mixtures of particles suspended in a continuous 
?uid can be broadly classi?ed into three frequency regimes: 
loW frequency range, high frequency range and a transitional 

Jan. 20, 2005 

frequency range. Although the effect of particle siZe and 
air-to-fuel ratio are inter-related, the predominant effect of 
air-to-fuel ratio is to determine the loW frequency limit of the 
sound speed to be measured and the predominate effect of 
particle siZe is to determine the frequency range of the 
transitional regions. As particle siZe increases, the frequency 
at Which the dispersive properties appear decreases. For 
typical pulveriZed coal applications, this transitional region 
begins at fairly loW frequencies, ~2 HZ for 50 pm siZe 
particles. 
[0070] Given the dif?culties measuring suf?ciently loW 
frequencies to apply the quasi-steady model and recogniZing 
that the high frequency sound speed contains no direct 
information on either particle siZe or air-to-fuel ratio, it 
becomes apparent that the dispersive characteristics of the 
coal/air mixture should be utiliZed to determine particle siZe 
and air-to-fuel ratio based on speed of sound measurements. 

[0071] Some or all of the functions Within the processing 
unit 24 may be implemented in softWare (using a micropro 
cessor or computer) and/or ?rmWare, or may be imple 
mented using analog and/or digital hardWare, having suf? 
cient memory, interfaces, and capacity to perform the 
functions described herein. 

[0072] While data acquisition units 40,54, FFT logic 
42,56, data accumulators 44,58, array processors 46,60 and 
ridge identi?ers 48, 62 are shoWn as separate elements or 
separate softWare/processing routines, one Will appreciate 
that each of these elements may be common and able to 
process the data associated With both the pressure signals 
associated With the speed of sound and the pressures that 
convect With the procees ?oW. 

[0073] FIGS. 3-5 shoW an apparatus 120,130,140 
embodying the present invention processes the pressure 
signals P1(t)-PN(t) from the sensing device 16 in parallel to 
provide both an output signal(s) 51,55 in response to pres 
sure disturbances 88 that convective With the ?oW 12 and an 
output signal(s) 57,59 in response to pressure disturbances 
created by acoustic Waves 90 propagating through the ?oW. 
In FIG. 3, the processing unit 24 of the apparatus 120 
includes independent data acquisition and processing of the 
pressure signals to enable the processing unit 24 multitask. 
This method is similar to the full serial processing method 
described hereinbefore in FIG. 2, Wherein the difference is 
the multitasking architecture of the processing unit 24 is 
used to process independent calculations simultaneously. 
This method of processing may be inef?cient, hoWever, 
produces fast updates rates of the output signals. One Will 
appreciate that the elements of prior embodiments having 
the same reference number function substantially the same 
as that described in other embodiments of the present 
invention. 

[0074] In FIG. 4, the apparatus 130 shoWs a processing 
unit 24 processing the data in parallel, Wherein the process 
ing unit includes common data acquisition unit 132, but 
independent calculations of the acquired pressure signals 
P1(t)-PN(t). This method utiliZes the similarities betWeen the 
tWo calculations to employ more ef?cient architectures. The 
?rst primary common component of the tWo calculations is 
the pressure signals P1(t)-PN(t) processed by each process 
ing unit 52,53. By making some adjustments to the accu 
mulated pressure signals, either method to extract the 
required information may be performed using a single data 



US 2005/0011284 A1 

acquisition step. The calculations still remains independent 
by the elimination of a common step Which reduces the 
update time. In this instance, more pressure signals are 
accumulated than required by the How rate calculation in 
order to accommodate the speed of sound calculation. 

[0075] FIG. 5 shoWs an apparatus 140 embodying the 
present invention Wherein the processing unit 24 has com 
mon data acquisition 142, FFT logic 144, data accumulator 
146 and array processor 148 With ef?cient common algo 
rithm usage and multitasking independent operations. This 
architecture utiliZes the fact that many algorithm compo 
nents are shared betWeen the tWo measurements. In this 
method, common data acquisition is used and as many 
upfront algorithms are used for both calculations. Examples 
of common algorithms include the normaliZation code, the 
FFT code of the FFT logic, and some of the speci?c capon 
algorithms of the array processors. Other portions of the 
code, such as the convective ridge identi?er 48, acoustic 
ridge identi?er 62 and respective analyZers 50,64 are left 
independent. 

[0076] In one embodiment as shoWn in FIG. 1, each of the 
pressure sensors 18-21 may include a pieZoelectric ?lm 50 
attached to a unitary multi-band strap 52 to measure the 
unsteady pressures of the How 12 using either technique 
described hereinbefore. The pieZoelectric ?lm sensors 18-21 
are mounted onto a unitary substrate or Web Which is 
mounted or clamped onto the outer surface 22 of the pipe 14, 
Which Will described in greater detail hereinafter. 

[0077] The pieZoelectric ?lm sensors 18-21 include a 
pieZoelectric material or ?lm 50 to generate an electrical 
signal proportional to the degree that the material is 
mechanically deformed or stressed. The pieZoelectric sens 
ing element 50 is typically conformed to alloW complete or 
nearly complete circumferential measurement of induced 
strain to provide a circumferential-averaged pressure signal. 
The sensors can be formed from PVDF ?lms, co-polymer 
?lms, or ?exible PZT sensors, similar to that described in 
“PieZo Film Sensors Technical Manual” provided by Mea 
surement Specialties, Inc., Which is incorporated herein by 
reference. A pieZoelectric ?lm sensor that may be used for 
the present invention is part number 1-1002405-0, LDT4 
028K, manufactured by Measurement Specialties, Inc. 
While the pieZoelectric ?lm material 50 is provided sub 
stantially the length of the band 44, and therefore the 
circumference of the pipe 14, the present invention contem 
plates that the pieZoelectric ?lm material may be disposed 
along a portion of the band of any length less than the 
circumference of the pipe. 

[0078] Piezoelectric ?lm (“pieZo?lm”) 50, like pieZoelec 
tric material, is a dynamic material that develops an elec 
trical charge proportional to a change in mechanical stress. 
Consequently, the pieZoelectric material measures the strain 
induced Within the pipe 14 due to unsteady or stochastic 
pressure variations (e.g., vortical and/or acoustical) Within 
the process How 12. Strain Within the pipe is transduced to 
an output voltage or current by the attached pieZoelectric 
sensor 18-21. The pieZoelectrical material or ?lm 50 may be 
formed of a polymer, such as polariZed ?uoropolymer, 
polyvinylidene ?uoride (PVDF). The pieZoelectric ?lm sen 
sors are similar to that described in US. patent application 
Ser. No. 10/712,818 (CiDRA Docket No. CC-0675), ?led 
Nov. 12, 2003 and US. patent application Ser. No. 10/795, 
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111 (CiDRA Docket No. CC-0731), ?led Mar. 4, 2004, 
Which are incorporated herein by reference. The advantages 
of this clamp-on technique using pieZoelectric ?lm include 
non-intrusive ?oW rate measurements, loW cost, measure 
ment technique requires no excitation source. One Will 
appreciate that the sensor may be installed or mounted to the 
pipe 14 as individual sensors or all the sensors mounted as 
a single unit as shoWn in FIG. 1. 

[0079] The pressure sensors 18-21 of FIG. 1 described 
herein may be any type of sensor, capable of measuring the 
unsteady (or ac or dynamic) pressures or parameter that 
convects With the How Within a pipe 14, such as pieZoelec 
tric, optical, capacitive, resistive (e.g., Wheatstone bridge), 
accelerometers (or geophones), velocity measuring devices, 
displacement measuring devices, ultra-sonic devices, etc. If 
optical pressure sensors are used, the sensors 18-21 may be 
Bragg grating based pressure sensors, such as that described 
in US. patent application Ser. No. 08/925,598, entitled 
“High Sensitivity Fiber Optic Pressure Sensor For Use In 
Harsh Environments”, ?led Sep. 8, 1997, now US. Pat. No. 
6,016,702, and in US. patent application Ser. No. 10/224, 
821, entitled “Non-Intrusive Fiber Optic Pressure Sensor for 
Measuring Unsteady Pressures Within a Pipe”, Which are 
incorporated herein by reference. In an embodiment of the 
present invention that utiliZes ?ber optics as the pressure 
sensors 14 they may be connected individually or may be 
multiplexed along one or more optical ?bers using Wave 
length division multiplexing (WDM), time division multi 
plexing (TDM), or any other optical multiplexing tech 
niques. 
[0080] In certain embodiments of the present invention, a 
pieZo-electronic pressure transducer may be used as one or 
more of the pressure sensors 18-21 and it may measure the 
unsteady (or dynamic or ac) pressure variations inside the 
pipe 14 by measuring the pressure levels inside of the pipe. 
These sensors may be ported Within the pipe to make direct 
contact With the process How 12. In an embodiment of the 
present invention, the sensors comprise pressure sensors 
manufactured by PCB PieZotronics. In one pressure sensor 
there are integrated circuit pieZoelectric voltage mode-type 
sensors that feature built-in microelectronic ampli?ers, and 
convert the high-impedance charge into a loW-impedance 
voltage output. Speci?cally, a Model 106B manufactured by 
PCB PieZotronics is used Which is a high sensitivity, accel 
eration compensated integrated circuit pieZoelectric quartZ 
pressure sensor suitable for measuring loW pressure acoustic 
phenomena in hydraulic and pneumatic systems. 

[0081] It is also Within the scope of the present invention 
that any strain sensing technique may be used to measure the 
variations in strain in the pipe, such as highly sensitive 
pieZoelectric, electronic or electric, strain gages and pieZo 
resistive strain gages attached to the pipe 12. Other strain 
gages include resistive foil type gages having a race track 
con?guration similar to that disclosed US. patent applica 
tion Ser. No. 09/344,094, ?led Jun. 25, 1999, now US. Pat. 
No. 6,354,147, Which is incorporated herein by reference. 
The invention also contemplates strain gages being disposed 
about a predetermined portion of the circumference of pipe 
12. The axial placement of and separation distance AXl, AX2 
betWeen the strain sensors are determined as described 
herein above. 

[0082] It is also Within the scope of the present invention 
that any other strain sensing technique may be used to 
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measure the variations in strain in the pipe, such as highly 
sensitive piezoelectric, electronic or electric, strain gages 
attached to or embedded in the pipe 14. 

[0083] While the description has described the apparatus 
as tWo separate meters that measure the vortical disturbances 
and the speed of sound, respectively, as suggested by FIG. 
1, the processing could function as tWo separate meters, a 
combination (simultaneous operation) of both function, or 
selectively chose betWeen operations. 

[0084] It should be understood that any of the features, 
characteristics, alternatives or modi?cations described 
regarding a particular embodiment herein may also be 
applied, used, or incorporated With any other embodiment 
described herein. 

[0085] Although the invention has been described and 
illustrated With respect to exemplary embodiments thereof, 
the foregoing and various other additions and omissions may 
be made therein and thereto Without departing from the spirit 
and scope of the present invention. 

What is claimed is: 
1. An apparatus for measuring at least tWo parameters of 

a process How ?oWing Within a pipe, the apparatus com 
prising: 

at least tWo pressure sensors disposed at different aXial 
locations along the pipe, each of the pressure sensors 
providing a respective pressure signal indicative of a 
pressure disturbance Within the pipe at a corresponding 
aXial position; and 

a signal processor, responsive to said pressure signals, 
Which provides a ?rst signal indicative of a velocity of 
a pressure ?eld moving With the process How and 
provides a second signal indicative of a speed of sound 
propagating through the process ?oW. 

2. The apparatus of claim 1, Wherein the processing unit 
includes a convective processing unit that determines the 
?rst signal and an acoustic processing unit that determines 
the second signal. 

3. The apparatus of claim 1, Wherein the signal processor 
processes the respective pressure signals in parallel to simul 
taneously determine the ?rst and second signals. 

4. The apparatus of claim 1, Wherein the signal processor 
processes the respective pressure signals in series to sequen 
tially determine the ?rst and second signals. 

5. The apparatus of claim 2, Wherein the convective 
processing unit includes an array processor that determines 
poWer in the k-u) plane. 

6. The apparatus of claim 5, Wherein the acoustic pro 
cessing unit includes an array processor that determines 
poWer in the k-u) plane. 

7. The apparatus of claim 2, Wherein the convective 
processing unit includes a convective ridge identi?er that 
determines the convective ridge in the k-u) plane. 

8. The apparatus of claim 7, Wherein the acoustic pro 
cessing unit includes an acoustic ridge identi?er that deter 
mines the acoustic ridge in the k-u) plane. 

9. The apparatus of claim 2, Wherein the convective 
processing unit includes a ?rst analyZer that determines a 
slope of the convective ridge to determine one of the 
velocity, the mach number, and volumetric ?oW rate of the 
process ?oW. 
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10. The apparatus of claim 2, Wherein the acoustic pro 
cessing unit includes a second analyZer that determines a 
slope of the acoustic ridge to determine one of steam quality 
or “Wetness”, vapor/mass ratio, liquid/solid ratio, volumetric 
?oW rate, mass ?oW rate, average siZe of suspended par 
ticles, density, gas volume fraction, and enthalpy of the ?oW. 

11. The apparatus of claim 1, Wherein the processing unit 
includes a common data acquisition unit for digitiZing the 
pressure signals. 

12. The apparatus of claim 1, Wherein the processing unit 
includes a common array processor for determining the 
poWer in the k-u) plane for identifying both an acoustic ridge 
and convective ridge. 

13. The apparatus of claim 1, Wherein the process How is 
one of a single phase ?uid and a multi-phase mixture. 

14. The apparatus of claim 1, Wherein the pressure signals 
are indication of acoustic pressures propagating Within the 
How and unsteady pressures convecting With the ?oW. 

15. The apparatus of claim 14, Wherein the unsteady 
pressures convecting With the How are indication of vortical 
disturbances Within the ?oW. 

16. The apparatus of claim 1, Wherein the signal processor 
determines the slope of at least one acoustic ridge in the k-u) 
plane to determine the speed of sound propagating through 
the ?oW, and the slope of a convective ridge in the k-u) plane 
to determine the velocity of the ?oW. 

17. The apparatus of claim 1, Wherein the at least tWo 
pressure sensors include one of 3, 4, 5, 6, 7, 8, 9, 10, 11, 12, 
13, 14, 15, 16, 17, 18, 19 and 20 pressure sensors. 

18. A method of measuring at least tWo parameters of a 
process How ?oWing Within a pipe, the method comprising: 

providing respective pressure signal indicative of a pres 
sure disturbance Within the pipe at different aXial 
locations along the pipe; and 

processing said respective pressure signals to determine a 
?rst signal indicative of a velocity of a pressure ?eld 
moving With the process How and to determine a 
second signal indicative of a speed of sound propagat 
ing through the process ?oW. 

19. The method of claim 18, Wherein the processing of 
said respective pressure signals is performed serially to 
determine one of the ?rst and second signal before the other 
signal. 

20. The method of claim 18, Wherein the processing of 
said respective pressure signals is performed in parallel to 
determine the ?rst and second signal simultaneously. 

21. The method of claim 18, Wherein the processing of the 
pressure signals determines a slope of a convective ridge in 
the k-u) plane to determine the ?rst signal. 

22. The method of claim 18, Wherein the processing of the 
pressure signals determines a slope of the acoustic ridge in 
the k-u) plane to determine the second signal. 

23. The method of claim 18, further includes determining 
a slope of at least one acoustic ridge in the k-u) plane to 
determine the speed of sound propagating through the ?oW, 
and a slope of a convective ridge in the k-u) plane to 
determine the velocity of the ?oW. 


